We report the first mode-locked fiber laser using a chalcogenide microwire as the nonlinear medium. The laser is passively mode-locked with nonlinear polarization rotation and can be adjusted for the emission of solitons or noise-like pulses. The use of the microwire leads to a mode-locking threshold at the microwatt level and shortens the cavity length by 4 orders of magnitude with respect to other lasers of its kind. The controlled birefringence of the microwire, combined with a linear polarizer in the cavity, enables multiwavelength laser operation with tunable central wavelength, switchable wavelength separation, and a variable number of laser wavelengths. Passively mode-locked and multiwavelength lasers are attractive due to their multiple applications in wavelength division multiplexed systems, optical sensors, and spectroscopy [1] [2] [3] . Several techniques have been proposed for fiber lasers to operate on a soliton [4] [5] [6] [7] and noise-like [8] pulse generation regime, as well as a multiwavelength emission regime [9] [10] [11] [12] . These regimes of laser operation are in demand for diverse technologies [1] . It is thus convenient for practical applications to enable one fiber laser to operate on a pulse generation regime as well as on a multiwavelength emission regime. Fiber lasers that were reported with multiple operation regimes required a hundred [13] to a thousand [14,
Passively mode-locked and multiwavelength lasers are attractive due to their multiple applications in wavelength division multiplexed systems, optical sensors, and spectroscopy [1] [2] [3] . Several techniques have been proposed for fiber lasers to operate on a soliton [4] [5] [6] [7] and noise-like [8] pulse generation regime, as well as a multiwavelength emission regime [9] [10] [11] [12] . These regimes of laser operation are in demand for diverse technologies [1] . It is thus convenient for practical applications to enable one fiber laser to operate on a pulse generation regime as well as on a multiwavelength emission regime. Fiber lasers that were reported with multiple operation regimes required a hundred [13] to a thousand [14, 15] meters of optical fiber to incur sufficient nonlinear optical interaction within the laser cavity. Practically, there is a continued effort from researchers to achieve a stable and reliable fiber laser while offering low power consumption, compactness, and controllable path-averaged cavity dispersion.
Chalcogenide (ChG) fibers are excellent candidates to reduce the cavity length of fiber lasers since their nonlinearity is up to ∼930 times that of a single-mode fiber (SMF) made of silica [16, 17] . The nonlinearity can be increased further by tapering down the diameter of a ChG fiber to the micrometer range to form a microwire [18, 19] . We have recently fabricated ChG As 2 Se 3 microwires surrounded by a protective polymethyl methacrylate (PMMA) coating and observed a high waveguide nonlinearity of γ 185 W −1 m −1 [20] . The PMMA coating provides mechanical strength for the normal handling of the microwire, while preventing evanescent light interaction with the surrounding environment. The extreme nonlinearity of ChG microwires allows for fiber laser operation at low threshold powers. In addition, the waveguide dispersion of microwires can be engineered to balance the path-averaged cavity dispersion [21] . The net dispersion of the laser cavity plays a critical role for generating a large variety of pulse regimes [22, 23] . Chromatic dispersion also plays a fundamental role for multiwavelength lasers, into which a four-wave-mixing process has been shown to assist in tuning the wavelength separation and enhancing the stability of multiwavelength emission [24] [25] [26] . The wide transparency of ChG glass to mid-IR wavelengths also makes ChG microwires a promising building block for mid-IR fiber lasers while using an appropriate gain medium [27] .
In this Letter, we report the first mode-locked fiber laser based on a As 2 S 3 -PMMA ChG microwire. The microwire has a length of 10 cm and exhibits a waveguide nonlinearity that is 10 4 times that of SMF-28. The fiber laser is passively mode-locked with nonlinear polarization rotation (NPR) [28] , and generates noise-like pulses and soliton pulses with tunable central wavelengths. The laser also emits multiwavelength spectra with tunable central wavelength, switchable wavelength separation, and a variable number of laser wavelengths.
The experimental setup of the proposed erbium-doped fiber (EDF) laser is illustrated in Fig. 1(a) . It consists of a commercial EDF amplifier, polarization controllers (PCs), a 99/1% coupler (C), a linear polarizer (POL), and a tapered ChG As 2 S 3 fiber. The EDF amplifier has a built-in polarizationindependent isolator that ensures unidirectional operation of the laser. The nonlinear medium enables the fiber laser to self-pulsate from NPR.
Figures 1(b) and 1(c), respectively, show a schematic and input facet of the hybrid fiber used in the experiment. The hybrid fiber is made of an As 2 S 3 core surrounded by a PMMA cladding, and its central part is tapered down adiabatically into a 10 cm long microwire using a tapering process described in [20] . The core size in the untapered region is 14 μm and is reduced down to 1.7 μm in the microwire region. Each untapered and transition region of the fiber is L unt 2 cm and L trans 3 cm long, with a group velocity dispersion (GVD) of β 2;unt 457 ps 2 ∕km and hβ 2;trans i 369 ps 2 ∕km, respectively. Both ends of the hybrid fiber are butt-coupled to an SMF-28, and the fibers are bonded permanently with UV epoxy. The measured total insertion loss is 6 dB including Fresnel reflection losses (2 × 0.45 dB), mode-mismatch at the hybrid fiber-SMF interfaces (2 × 0.65 dB), microwire surface roughness losses (2 dB) [29] , and the remaining is attributed to misalignment at the SMF-As 2 S 3 interfaces.
The GVD (β 2 ) and waveguide nonlinearity (γ) of the microwire are determined by solving the characteristic equation of an infinite cladding cylindrical waveguide to obtain the propagation constant β, the electric field distribution ⃗ E, and the magnetic field distribution ⃗ H for the fundamental mode [30] . Figure 2 depicts the calculated GVD and waveguide nonlinearity of SMF-28 and As 2 S 3 -PMMA microwire with a 1.7 μm diameter. The microwire is of normal dispersion (β 2;mic 80 ps 2 ∕km) at a wavelength of 1550 nm and with a zero-dispersion wavelength at 1625 nm. The total length of the laser cavity is 26.5 m including 16.3 m of SMF-28 with anomalous dispersion (β 2;SMF −12.8 ps 2 ∕km), 10 m of EDF with normal dispersion (β 2;EDF 5 ps 2 ∕km), and 20 cm As 2 S 3 -PMMA tapered fiber with average-normal dispersion (hβ 2 i 245 ps 2 ∕km). Thus, the proposed EDF laser operates with net anomalous dispersion due to SMF-28.
Figure 2(b) shows that the waveguide nonlinearity of an As 2 S 3 -PMMA microwire with a diameter of 1.7 μm is 10 4 times that of SMF-28. The waveguide nonlinearity of the microwire is 11.3 W −1 m −1 at a wavelength of 1550 nm. The high nonlinearity of the ChG microwire, with respect to SMF-28, allows mode-locking operation at low signal powers as well as reducing the fiber length required for sufficient nonlinearity in the cavity.
The microwire is fabricated with a modal birefringence from a residual stress applied by the PMMA cladding to the As 2 S 3 core. This type of birefringence is controllable over some extent by adjusting the tapering temperature. Figure 3 shows the experimental measurement (black solid line) and theoretical calculation (red dashed line) for the wavelength dependence of light transmittance through crossed polarizers [31] . The interference peaks are separated by 2 nm, which corresponds to a birefringence B m λ 2 ∕ΔλL mic 1.12 × 10 −2 , where L mic is the length of the microwire.
Theoretical calculation of light transmittance is determined from [32] T cos 2 θ 1 cos 2 θ 2 sin 2 θ 1 sin
where Φ L is the linear phase shift resulting from modal birefringence; Φ NL is the nonlinear phase shift whose magnitude is the sum of the self-phase modulation and cross-phase modulation contributions; θ 1 is the angle between the axis of the polarizer (POL1) and the fast axis of microwire; and θ 2 is the angle between the axis of the polarizer (POL2) and the fast axis of microwire. The operation principle of the ChG microwire-based multifunction NPR laser is described as follows. Linearly polarized light leaving the polarizer is made elliptical by PC2. The light then splits into two components with different intensities as it enters the birefringent microwire. Along the microwire, each component experiences a different nonlinear phase shift due to the Kerr effect. The total state-of-polarization of the light rotates in the microwire, and the angle of rotation is dependent on the magnitude of light intensity. Then, the light passes through PC1 and the polarizer (acts here as analyzer), which allows only polarization components parallel to its axis to pass through. Therefore, the combination of PC2-microwire-PC1-POL acts as an intensity-dependent element [33, 34] .
Soliton pulses are generated by a proper adjustment of the PCs such that high-intensity light propagates through the polarizer and low-intensity light is absorbed. In this regime, the PC-microwire-PC-POL functions as a saturable absorber. Figure 4(a) shows the spectra of a typical train of solitons under various powers. The threshold signal power at which solitons are formed in the cavity is ∼11 mW. The peak power of solitons increases as the pump power increases. The soliton spectrum is centered at a wavelength of 1562 nm. The Kelly sidebands support the solitonic behavior of the laser output. These sidebands are a consequence of sudden changes in the losses, dispersion, and nonlinearity between As 2 S 3 -PMMA microwire and SMF-28, which prevent the soliton from adapting adiabatically [35] . The repetition rate of the laser is 7.8 MHz, which corresponds to a cavity length of 26.5 m.
A soliton with higher peak power can be achieved by balancing the path-averaged dispersion of the cavity. There are two methods to compensate the chirp accumulated in the cavity which can be concluded from the following equation:
The first method is to increase the length of the microwire to L mic 243 cm. However, the propagation loss for such a length would be limited by the surface roughness of the microwire. A more practical method is to fabricate a 10 cm long microwire with a diameter of 0.56 μm, rather than 1.7 μm. Such microwire exhibits a normal GVD with β 2 1195 ps 2 ∕km, which can compensate the anomalous dispersion of SMF-28.
The central wavelength of the generated soliton can be switched from λ S1 1530 nm to λ S2 1562 nm by adjusting the PCs. Figure 4(b) shows two soliton spectra measured at different θ 1 and θ 2 with a signal power of 56 mW.
At higher signal powers, the NPR laser generates noise-like pulses [36] . The threshold signal power for such pulses to be generated is 60 mW. Figure 5 shows the noise-like pulse spectra as a function of signal power. The large bandwidth observed is a consequence of the relatively high energy that noise-like pulses exhibit at the repetition rate of the cavity. One explanation for the generation of such pulses by NPR lasers is the combined effect of soliton collapse and positive cavity feedback [37] .
Multiwavelength lasing occurs as well by properly adjusting the PCs so that higher intensity light experiences higher losses. In this regime, the PC-microwire-PC-POL functions as a Lyot birefringence filter [10, 14, 34] . The power threshold to achieve multiwavelength lasing is the lowest of all three regimes, i.e., 450 μW. This is due to the strong nonlinear birefringence induced by the As 2 S 3 -PMMA microwire. At this power, four lasing wavelengths are generated with a wavelength separation of 2 nm, a central wavelength of 1531 nm, and a power difference among lasing wavelengths of 4 dB. Figure 6 (a) presents the multiwavelength emission at this signal power. The number of lasing wavelengths increases to 5 by increasing the signal power to 11 mW.
At a signal power of 11 mW, the central wavelength of a multiwavelength emission is tuned from 1531.3 to 1561.3 nm by adjusting the PCs, as shown in Fig. 6(a) . The maximum power difference and signal-to-noise ratio among lasing wavelengths is 6 and 43 dB, respectively. The signal-to-noise ratio can be improved further by reducing the coupling losses between the SMF-28 and the As 2 S 3 -PMMA microwire. To examine the stability of the laser, the power of the central line of each spectra is measured over a time of 4 min, as shown in Fig. 6(b) . The results reveal that multiwavelength emission at 1531.3 and 1560.9 nm wavelengths vary within a power range of 0.88 and 0.49 dB, respectively. In the time domain, the oscilloscope trace exhibits a pulse train at the fundamental repetition rate of 7.8 MHz, as shown in Fig. 6(c) .
The wavelength separation between spectral lines can also be switched by adjusting the PCs and increasing the signal power. Figure 6(d) shows multiwavelength emissions at a signal power of 56 mW with a wavelength separation changing from 5.5 to 9 nm by adjusting the PCs.
In conclusion, we have introduced the first NPR fiber laser using an As 2 S 3 -PMMA microwire as the nonlinear medium. The laser generates soliton pulses, with a tunable central wavelength from 1530 to 1562 nm at a threshold signal power of 11 mW, and noise-like pulses at a central wavelength of 1560 nm using a signal power of 60 mW. The laser also emits stable multiwavelength spectra at a threshold power of 450 μW with tunable central wavelength from 1531.3 to 1561.3 nm, switchable wavelength separation (2, 5.5, and 9 nm), and a variable number of laser wavelengths (4 and 5) . The use of a chalcogenide (ChG) microwire reduces the nonlinear medium length of NPR lasers by 4 orders of magnitude with respect to silica fiber-based NPR lasers. The use of a ChG microwire results in the realization of laser operation at microwatt-level threshold powers. 
